We performed detailed magnetic probe measurement to detect magnetic fluctuations during magnetic reconnection in counter-helicity spheromak merging experiment in TS-4. The fluctuation power in the frequency range of 0.5 -5 MHz was concentrated in the outboard-side downstream region of the reconnection point while the fluctuation power in the frequency range of 7 -20 MHz was localized inside the current sheet. It has been found that the detected fluctuations inside the current sheet had similar characteristics to obliquely propagating Whistler waves, but showed different power spectra inside the current sheet and in the downstream region.
Introduction
Magnetic reconnection [1] is an elementary process causing magnetic topology change and magnetic energy release in a variety of magnetized plasmas. A twodimensional steady model of magnetic reconnection proposed by Sweet and Parker [2, 3] provided a quantitative prediction of reconnection rate for the first time, but it could not interpret the eruptive reconnection events, e.g. solar flares. In those fast reconnection cases, the effective resistivity should be enhanced inside the diffusion region. Fluctuations have been considered to be one of the origins of this anomalous resistivity [4] and intensively studied in space observation, numerical studies and laboratory experiments. In particle-in-cell simulation study [5] , it was predicted that Whistler waves are excited due to the electron pressure anisotropy in the downstream region, but they didn't contribute to the electron dissipation in the diffusion region. On the other hand, Whistler-like electromagnetic fluctuations were observed in the center of the current sheet of anti-parallel reconnection in a laboratory experiment [6] . In this case, the electromagnetic fluctuation was supposed to be driven by the modified two-stream instability and showed a positive relation with the reconnection rate.
Fast reconnection was also observed in the counterhelicity magnetic reconnection but the mechanisms for the enhancement of reconnection rate is not clear [7] . Previous our experiment reports that low-frequency magnetic fluctuations in the ion-cyclotron frequency range were de- tected during counter-helicity spheromak merging in TS-3 [8] . However, the fluctuations influence not the fast reconnection but the ion heating. The experiments reported here were performed in TS-4 plasma merging device. We report, in this paper, experimental results on the spatial distribution and spectral structure of the electromagnetic fluctuations generated during reconnection, and the relation between the reconnection rate and the fluctuation amplitudes.
Experimental Setup
TS-4 has a cylindrical vacuum vessel made of stainless steel with a diameter of 1600 mm and a total length of 1600 mm. Two spheromaks were generated by two flux cores which are located symmetrically with respect to the midplane (z = 0 mm) inside of the vacuum vessel and contain a poloidal magnetic field coil and a toroidal magnetic field coil. After the spheromaks are pinched off from the flux cores, they approach together and merge into one through magnetic reconnection. When the spheromaks have the same polarities of toroidal magnetic field, only poloidal magnetic field reconnects (co-helicity spheromak merging). On the other hand, when the polarities of toroidal magnetic field of the spheromaks are opposite, reconnection of both poloidal and toroidal magnetic field takes place (counter-helicity spheromak merging). Furthermore, counter-spheromak merging can be classified into two types, Case-O and Case-I. The type that toroidal field polarity of spheromak on positive z-side is positive corresponds to Case-O and the opposite one is Case-I [7] . In this experiment, we adopted Case-O. Global 2-D structures of poloidal magnetic flux and toroidal electric field are derived from 2-D magnetic probe array which measures axial and toroidal magnetic field components at 9×10 points in the r−z plane. Poloidal magnetic flux Ψ and toroidal electric field E φ are calculated as following equations: Figure 1 indicates a schematic view of this experiment. L-shaped probe and mode identification probe, which are constructed with the same pickup coils, were inserted at z = 130 mm and z = 0 mm on the same poloidal plane respectively to measure the reconnection event which takes place on the midplane. Those probes were employed in this experiment to identify the spatial structure and dispersion relation of magnetic fluctuations (B = ∂B/∂t). Lshaped magnetic fluctuation probe consists of 15ch radial and toroidal components (B r ,B φ ) and 13ch axial components (B z ) and can measure the axial distribution of three components of magnetic fluctuations with minimal spatial interval 10 mm. Mode identification probe mounts three large coils to measure three components of ambient magnetic field (B r , B φ , B z ) and six small coils to measure magnetic fluctuations. Three of them measure three directional components (B r ,B φ ,B z ). The rest of them are three axial components (B z ) to detect a propagating direction of the fluctuations. The phase difference of each frequency is computed by cross-spectral density (CSD)
where θ(ω) is a phase difference and indicates imaginary part and indicates real part of CSD. θ is also expressed as
where Δx is the distance between the reference and the neighboring axial coils, ω is an angular frequency of a wave and Δt is a time difference. The spatial difference of radial and toroidal direction is 1.5 mm and that of axial direction is 0.85 mm in the mode identification probe. In this measurement, the phase difference is caused by not the time difference but the space difference. Therefore, the wavenumber is obtained as a function of angular frequency:
Experimental Results
Magnetic fluctuations were observed during counterhelicity spheromak merging experiment in TS-4, in which the X-point located at about r = 450 mm. Figures 2 (a) and (b) indicate typicalB φ signals measured by L-shaped probe and their wavelet power spectrums of the fluctuations at each location respectively. We measured significant magnetic fluctuations at r = 550 mm (outboard side downstream region) and r = 450 mm (inside the current sheet) while we could detect no distinctive fluctuations at r = 350 mm (inboard side downstream region). Figure 2 (c) shows ensemble averaged reconnection electric field calculated from 2-D magnetic probe array and magnetic reconnection takes place in t ∼ 500 -535 µs. Both signals observed at r = 550 mm and 450 mm clearly showed that magnetic fluctuations with the frequency of 1 -10 MHz were driven during reconnection. Especially, the higher frequency fluctuations with f > 7 MHz were detected only in the vicinity of the X-point, while the lower frequency fluctuations with f = 1 -5 MHz were more significant in the outboard downstream region. The radial componentB r signals were found to be similar to the toroidal component. We measured the spatial distribution of magnetic fluctuations by scanning the L-shaped probe from r = 350 mm to r = 650 mm. Figure 3 (a) shows the spatial distribution of magnetic fluctuation power on r-z plane with the frequency range of 0.5 -5 MHz and Fig. 3 (b) shows that with the frequency range of 7 -20 MHz. We found that the higher frequency fluctuation was localized inside the current sheet. On the other hand, the lower frequency fluctuations were significant in the outboard side downstream region. It is noted that the X-point moved in the radial direction during reconnection. However, the radial motion of the X-point is relatively small compared with the gap between the locations that two distinct frequency fluctuations were observed. Figure 4 indicates relations between calculated wavenumber and frequency obtained by the mode identification probe located inside the current sheet. In these plots, data from several tens of discharges were included. Horizontal axis of Fig. 4 (a) is radial wavenumber k r and Magnetic reconnection takes place in t ∼ 500 -535 µs in most discharges, then the merged plasma rapidly decays after reconnection represented by the gray shaded area (t > 535 µs).
those of Figs. 4 (b), (c) and (d) are toroidal wavenumber
k φ , axial wavenumber k z and total (L 2 norm) wavenumber |k|, respectively. Clear trends are found in dispersion relations on both radial and toroidal wavenumbers while axial wavenumber plot is indistinctive. We found that the fluctuations observed inside the current sheet had large negative wavenumber in the radial direction and small wavenumber in toroidal direction. Dispersion relation of total wavenumber was similar to that of radial wavenumber. Theoretical dispersion relations of Whistler wave traveling with angles ψ with regard to the ambient magnetic field of 10 mT and plasma density of 5 × 10 19 m −3 are also plotted in Fig. 4 (d) . The direction of the ambient magnetic field which was almost on r − φ plane inside the current sheet. The wavenumber and the frequency of the magnetic fluctuations measured inside the current sheet were comparable with those of Whistler waves and it can be considered that the measured fluctuations were obliquely propagating Whistler waves. The dispersion relation measured at the outboard side downstream region has a similar trend with those observed inside the current sheet. Figure 5 indicates ensemble averaged sum of power spectral density (PSD) of three components of magnetic fluctuations (B r ,B φ ,B z ) inside the current sheet and the outflow region of outboard side and each noise level, which were calibrated by the frequency response of the mode identification probe. PSD of the fluctuations inside the current sheet had distinctive PSD in the frequency of over 7 MHz compared to that of the outboard side. Both fluctu- ations had broad power spectra and followed different frequency power laws. The fluctuations with the frequency of 1 -5 MHz showed spectrum shape of f −1.29 in the outboard side and f −0.9 inside the current sheet.
Discussion
We clarified that different types of magnetic fluctuations exist in current sheet and the outboard side downstream region during reconnection in counter-helicity spheromak merging experiment. The fluctuations inside the current sheet had distinctive power in the higher frequency range than in the downstream region and it is conjectured that this mode is directly excited by modified twostream instability as reported in the experiment of antiparallel reconnection [6] . However, there are no clear relations between the maximum value of magnetic fluctuation and that of reconnection electric field in this experiment.
Though the detected fluctuations are distinguished into two frequency parts in their spectra, no remarkable change was observed in their dispersion relations. Thus, those two parts are supposed to belong to the same branch of obliquely propagating Whistler waves. The wave vec- tor of fluctuations directs mostly inward radial direction, indicating that they propagate towards the inboard side. Considering the fact that the lower frequency component had large power in the outboard side downstream region, it is conjectured that these fluctuations are driven in the outboard side downstream region and counter flow against the reconnection outflow. In fact, since the current sheet tilts from a poloidal plane and the direction of electron drift motion is not only toroidal but also radial outward in Case-O, modified two-stream instability could be generated in the outboard side rather than inside the current sheet. Therefore, the larger amplitude fluctuations were detected is not the inboard side but those regions. Calculated PSD in Fig. 5 indicates the power of ∂B/∂t. Dividing PSD by f 2 , we can derive PSD of the same dimension with B 2 . The estimated power law of PSD of magnetic field fluctuation was f −2.9 inside the current sheet and f −3.29 in the outboard side. Power law of fluctuations inside the current sheet was close to the Hall MHD turbulence power law of f −7/3 [9] . We consider that the higher frequency magnetic fluctuations were generated in the vicinity of the diffusion region, making the slope of the spectrum shallower possibly by the inverse cascade.
Conclusion
We carried out detailed probe measurement to observe magnetic fluctuations during counter-helicity spheromak merging. Two distinct frequency components were ob-served during reconnection. The lower frequency component was concentrated in the outboard-side downstream region of reconnection site while the higher frequency component was localized inside the current sheet. The fluctuations had characteristics like Whistler wave and are supposed to be driven at different locations. Although the observed fluctuations had no clear relation with fast reconnection, it is expected that the fluctuations play an important role such as electron heating [10] .
